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Abstract 
 
On the Dynamic Crushing of Open-Cell Aluminum Foams 
 
Andrew Thomas Barnes, M.S.E. 
The University of Texas at Austin, 2012 
 
Supervisor: Stelios Kyriakides 
 
This study was designed to examine the effect of impact velocity on the crushing 
behavior of open-cell aluminum foam over a range of velocities similar to what would be 
encountered for impact mitigation and blast protection applications. An experimental set-
up was designed, fabricated and validated for studying the crushing response of cellular 
materials at high velocities. It consists of a gas gun, a pressure bar, high-speed data 
acquisition and high-speed imaging. The facility uses high-speed video images of the 
crushing event synchronized to force measurements with a pressure bar at one end of the 
foam to examine the dynamic stress and deformation history of foam specimens. Ten 
pores per inch open-cell Al-6101-T6 Doucel foam cylindrical specimens with a relative 
density of about 0.085 were impacted in the rise direction at velocities ranging from 21.6 
to 127 m/s. The experimental results show that for impact speeds greater than about 40 
m/s crushing of the foam occurred through a shock front. Furthermore, the experiments 
show an increase in the densification strain, average stress in the crushed region and 
shock velocity with increasing impact velocity, whereas the stress in the uncrushed 
region appears to be insensitive to velocity. A method of determining the states across a 
  
 v 
shock front was derived from shock equations by enforcing conservation of mass and 
momentum. This was verified through a combination of experiments and direct 
measurements. The use of high-speed imaging and pressure bar measurements allowed 
this derivation to be independent of any constitutive model and showed that the 
assumptions in the commonly used rigid-perfectly-plastic-locking model are not 
applicable for dynamic impacts. A shock Hugoniot was generated from the test data to 
characterize the impact response of the foam. 
 
. 
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Chapter 1 Introduction 
Metallic and polymeric foams with relative densities of a few percent (<10%) 
have superior specific stiffnesses and strengths as well as excellent specific energy 
absorption characteristics. These properties are derived from the cellular microstructure 
consisting of an interconnected network of cells with material concentrated at the edges. 
These properties make foams ideal for impact mitigation and energy absorption 
applications. The quasi-static behavior is well understood and outlined in this chapter 
followed by a brief overview of various studies on the dynamic behavior and some of the 
unanswered questions. 
1.1 QUASI-STATIC BEHAVIOR 
Previous work performed at the Center for Mechanics of Solids, Structures and 
Materials on aluminum foams under quasi-static compression showed that such foams 
exhibit a characteristic stress-displacement response such as the one shown in Fig. 1.1 
(Jang and Kyriakides, 2009a). The response exhibits an initial nearly linearly elastic 
regime that terminates into a load maximum (

 I1). Attainment of this local maximum is 
an indicator that localized buckling and collapse of cells has commenced. The maximum 
is followed by an extended stress plateau (

P1) during which the crushing spreads by the 
successive collapse of bands of cells. Once the majority of the cells have collapsed 
(average strain 

P1) the slope of the response starts to stiffen in the manner shown in 
the figure. The material is said to be densified, although during the rising branch it 
continues to undergo additional deformation. The relatively low level of the stress plateau 
and its significant extent are responsible for the excellent energy absorption 
characteristics of such foams.  
The problem was studied extensively both experimentally as well analytically 
where the foam was modeled initially as a periodic Kelvin cell (Jang et al., 2008; Jang 
and Kyriakides, 2009b) and more recently in as a random microstucture (Gaitanaros et 
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al., 2012). Both models, when suitably calibrated to represent the microstructure 
adequately, were shown to reproduce the crushing response correctly. 
Despite this progress, many impact mitigation and energy absorption applications 
involve dynamic loading. It is thus imperative that the study be extended to include the 
foam response under impact loadings.  
1.2 PREVIOUS STUDIES ON DYNAMIC BEHAVIOR 
Several groups have studied the dynamic response of Al foams over a range of 
impact velocities or strain rates. The results show that there is a lack of consensus 
regarding the physics of the problem as well the definition of the critical parameters. The 
results also show conflicting conclusions regarding possible dynamic enhancement of the 
crushing stress, or indeed, even how the crushing stress should be defined.  
Some studies have shown that above some critical impact velocity the manner in 
which the crushing spreads through the sample changes from a banded crushing of cells, 
such as that of the quasi-static behavior, to a crush front that spreads from the impact face 
to the opposite end of the sample (Tan et al., 2005; Lee et al., 2006). The crush front is 
attributed to the torturous route required for a stress wave to travel through a cellular 
material. This prevents the achievement of stress equilibrium during the propagation of 
the crush front. This change in crushing behavior is of significance as to whether the 
strain rate is a meaningful quantity (e.g., Zhihua et al., 2005). We will show that the 
critical parameter is the impact velocity not the strain rate (as in Tan et al., 2005). 
The nomenclature used to define the stress in the case of an impact with shock 
type behavior is pertinent to discuss here. In order to avoid confusion this study will use 

 to describe stress ahead of the shock front and 

 to describe the stress behind the 
shock front. In cases where no shock develops 

 will be used to describe the measured 
stress. 
Lee et al. (2006) impacted stationary foam specimens and found a “plateau” stress 
that was strain rate insensitive where the “plateau” is the stress transmitted through the 
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sample (

). By contrast, Tan et al. (2005, 2012) impacted accelerated foam specimens a 
stationary target at different velocities and defined the “plateau” stress as the force 
measured at the impacted face (

). An increase in 

 with increasing velocity was 
observed. No experimental results for stationary specimen impact tests were obtained for 
comparison.  
As will be discussed in Chapter 2, only the stresses on one side of the specimen 
can be measured at high impact velocities. Therefore equations must be derived to 
describe the stress on the opposite end of the shock front. This is typically accomplished 
using shock equations and a combination of conservation of energy, momentum and 
mass. However, unless the events are captured by high-speed imaging, assumptions about 
the density, particle velocity and stress on one or more sides of the shock front are 
required. The most commonly used constitutive model is the rigid-perfectly plastic 
locking (rppl) model. This model assumes a constant yield stress (

 y ) that describes the 
stress state from zero strain until a densification strain (

D) is achieved (Tan et al., 2005; 
Lee et al., 2006). In order to use the rppl model a question that must be addressed is what 
values of 

 y  and 

D should be used; in addition it must be determined if they are 
constants or some function of velocity. The usual assumption is that they are constant and 
equivalent to the quasi-static case.  
This study uses high-speed video recording synchronized with pressure bar 
measurements specifically to avoid requiring the adoption of a constitutive model in the 
interpretation of the results. The experimental set-up also allows the validity rppl model 
to be investigated.  
1.3 OUTLINE OF THE CURRENT STUDY 
The motivation of the present study is to determine the effect of impact velocity 
upon the behavior of open-cell Al foams. The study involves the design, fabrication and 
assembly of a custom facility for conducting dynamic impact experiments on foam 
  
4 
 
specimens. The facility, described in Chapter 2, includes a gas gun, pressure bar, high-
speed data acquisition system and a high-speed video camera that can be synchronized 
with the data acquisition. 
Chapter 3 presents the experimental results from a set of dynamic impact 
experiments on an Al-6101-T6 open-cell foam with a relative density of approximately 
0.085. Observations of the effect of impact velocity on the average stress in the crushed 
region and the densification strain are made. A method of interpreting the results 
independent of a constitutive model is detailed in Chapter 4 along with a method of 
predicting the behavior of foams at impact velocities within the range tested 
experimentally. The conclusions that can be drawn from this study are summarized in 
Chapter 5 along with a critique of previous experimental and analytical models of such 
dynamic results. 
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Chapter 2 Experimental Set-Up and Procedures 
The main objective of this thesis was to develop the experimental facilities 
required to study the mechanical behavior of metallic foams under impact. This chapter 
describes the experimental facilities developed, the diagnostic tools used and the data 
interpretation. The facility, shown pictorially in Fig. 2.1 and schematically in Fig. 2.2, 
consists of a gas gun that accelerates the projectile and a Hopkinson bar used to analyze 
the transmitted pulse. The experiments are monitored with high-speed photography and a 
high-speed data acquisition system. The components of the facility are described 
individually and the experimental procedure followed is outlined. 
2.1 HOPKINSON BAR  
A split-Hopkinson bar (SHB) set-up is one of the most commonly used 
apparatuses to investigate the dynamic response of solid materials. The standard set-up is 
to place the test specimen between two bars, called the incident or input bar and the 
transmitted or output bar, where a force pulse is typically generated in the incident bar by 
striking it with a mass. The amplitude and duration of that pulse is determined by the 
dimensions, materials properties and velocity of the striker. The pulse generated by the 
striker is measured in the incident bar. The pulse travels to the sample and part of it is 
reflected back and part is transmitted through the sample to the sample transmitted bar 
interface where once again part of it is transmitted and part is reflected back. The 
transmitted pulse is measured in the transmitted bar and the reflected pulses by the 
incident bar. The measured pulses provide information about the response of the material 
as a function of time. 
For an ideal experiment there are several factors that should be minimized in a 
SHB set-up, such as ring up time, impedance mismatch and size effects in the specimen 
to be tested. The nature of cellular materials precludes minimizing all of these criteria 
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simultaneously. For example the ring up time, which is the time required to achieve stress 
equilibrium in the sample, is proportional to the sample length. Ideally sample length 
should relatively short in order to minimize ring-up time compared to the incident pulse. 
However, the cell size is the defining length scale of a cellular solid, thus the specimen 
length must contain enough cells for the measured data to be representative. Thus, for a 
10-ppi (pores per inch) foam the specimen length should contain at least 20 cells leading 
a minimum length of 2 in (50 mm). This specimen length requirement coupled with the 
torturous route of a stress wave through a cellular material results a longer a ring-up time 
compared to a typical solid specimen. Furthermore, the time required for a pulse to 
transmit through the cellular specimen precludes the achievement of stress equilibrium 
during testing at high loading rates. Consequently, the customary approximation of stress 
equilibrium in the sample at high loading rates in a SHB is invalid and an alternate testing 
method must be developed.  
In view of these challenges, our setup uses only a transmitted bar while loading is 
achieved by either firing a mass at a stationary specimen or the specimen is accelerated 
striking the transmitted bar. The former is referred to as a stationary impact test and the 
latter a direct impact test. For both setups, a backing mass is used to ensure that adequate 
kinetic energy is available to crush the specimen sufficiently.  
Similar concerns about size effects in the radial direction make a 2 in (50 mm) or 
larger sample diameter desirable. Thus a circular cross-section specimen was chosen with 
a 2 in (50 mm) diameter. For sufficient sensitivity the diameter of the steel transmitted 
bar was chosen to be 0.5 in (12.7 mm). Thus, a 2.49 in (63 mm) anvil was added at the 
impact end for full contact with the foam specimen. This modified Hopkinson bar is 
shown in Fig. 2.3 
Typically low density metallic foams crush at a relatively low stress but develop a 
significantly higher stress once densified. This behavior had be accounted for in selecting 
the diameter and material of the transmitted bar. The choice of steel and a diameter of 0.5 
in (12.7 mm) allows enough sensitivity to capture the low crushing stress but also 
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sufficient strength to prevent yielding at the latter part of the crushing process. The area 
mismatch between the anvil and the bar causes an impedance mismatch, which in turn 
leads to a longer rise time in the transmitted bar of this set-up than for a typical 
Hopkinson bar. This is expected to have some effect on the rise time of the measured 
pulse. However, if the duration of the crushing event is sufficiently long the stresses 
measured during crushing can still be accurately determined. 
The transmitted bar is composed of C350 maraging steel that was centerless 
ground and heat-treated. The bar diameter is 0.507 in (12.9 mm) with length of 95.75 in 
(2.432 m). The elastic modulus (E) of the bar was experimentally determined by 
measuring the time for wave reflection at a specific location to determine the wave speed 
(c) in the bar and by using the following equation 
 /Ec  , (2.1)  
where 

  is the density of the bar (8.08 gcm-3). The resulting elastic modulus is 195 GPa. 
The anvil is steel with a diameter of 2.49 in (63.2 mm) and a width of 0.992 in 
(25.2 mm). The bar penetrates the anvil by approximately 0.5 in (12.7 mm) with a space 
between the front of the bar and the depth of the hole in the anvil of about 0.125 in (3.18 
mm). Further specifications of the anvil can be found in the appendix. 
Three pairs of strain gages are placed on the bar as shown in Fig. 2.3. Each pair is 
connected to a Wheatstone half bridge in an additive configuration where the active legs 
are WK-06-125 AC-10C/W Micro-Measurements strain gages (gage factor 2.03, 1000 Ω 
resistance). They are bonded to the bar using M-bond AE-10 adhesive. The inactive legs 
are 1000Ω Micro-Measurements S-1000-01 precision resistors. In order to minimize the 
effect of bending on the measured strain, the two gages are affixed diametrically opposite 
each other. The spacing between the front of the anvil and the midpoint of the strain 
gages is 5.9375 in (151 mm), 22.25 (565 mm) and 55.4375 (1.408 m). Vishay 2210A 
Signal Conditioning Amplifiers are used to excite the strain gages and to output the 
amplified voltage to a NI- PCI-6123 data acquisition card (DAQ).  
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2.2 GAS GUN DESIGN 
The gas gun, shown schematically in Fig. 2.2, was designed for a maximum 
operating pressure of 400 psi (27.6 bar). It is capable of firing projectiles with masses 
ranging from a few grams up to 250 grams at velocities ranging from a few m/s to 250 
m/s. The barrel is 5 ft (1.5 m) long with a 2.016 in (51.2 mm) bore and is composed of 
stainless steel. A series of 0.625 in (15.9 mm) diameter pressure relief holes were drilled 
at the end of the barrel to minimize the force applied by air pressure on the rear end of the 
round during the crushing event and to prevent significant further acceleration of the 
round between exiting the barrel and impacting the target.  
The pressure vessel and end caps are made of 4140 steel. The chamber has an 
outer diameter of 8.25 in (210 mm) and an inner diameter of 6.0 in (152 mm). Further 
details of the design can be found in the appendix. The pressure vessel is composed of 
two main chambers separated by an aluminum piston that seals the barrel when in the 
forward position (see Figs. 2.2 and A.1). This piston is held in place by a pre-compressed 
spring that serves two functions. The first is to return the piston forward after firing; the 
second is to prevent the gas gun from firing prematurely when both chambers are 
pressurized. A pressure regulator is used to prescribe the required pressure to achieve the 
desired impact velocity. A pressure transducer is used to accurately measure the pressure 
in the front chamber.  
The gas gun operates as follows: the round is loaded from the front end of the 
barrel. The rear chamber is pressurized followed by the front chamber and the gun is 
ready to be fired. Firing is achieved by opening a valve that evacuates the rear chamber. 
The pressure in the front chamber causes the piston to travel backwards thereby unsealing 
the barrel. The compressed air propels the round down the barrel accelerating it towards 
the target. 
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2.3 INSTRUMENTATION AND DATA ACQUISITION 
A laser beam is set up near the exit of the barrel as shown in Fig. 2.2 (Thorlabs 
CPS196 laser pen with variable focus). The beam penetrates the barrel and twice (6.0 in–
–152 mm–apart) using mirrors and its intensity is monitored by a Thorlabs DET-36A Si 
detector. The accelerated round interrupts the two beams at different times which enables 
calculation of its velocity. The first interruption also serves to trigger a high-speed data 
acquisition card (NI PCI-6123 card, 16 bits, 8 channels sampled at 50,000 
samples/sec/channel). This DAQ card records the output voltage of the photodiode and 
the signal amplifiers for a duration of about 50-100 ms which far exceeds the period of 
the useful data.  
The deformation of the specimen is simultaneously monitored using a Photron 
Fastcam SA1.1 high-speed digital camera with a Nikon AF Zoom-Nikkor 24-85mm 
f/2.8-4d IF zoom lens. The camera is triggered manually when the gas gun is fired. For 
these experiments the frame rate is 40,000 frames/second with a resolution of 512 x 256. 
These settings correspond to 1.09 seconds of data saved on the camera. From this data the 
images relevant to the test, typically less than 400 frames, is saved using Photron Fastcam 
Viewer (PFV) version 3 software. For direct impact tests correlation of the time of the 
images recorded and that of the pressure bar strain gage signals was achieved by setting 
“time zero” to correspond to first contact of the foam front surface with the anvil. For 
stationary impact tests a more elaborate synchronization is required that is discussed in 
Section 2.5. 
2.4 ALUMINUM FOAM SPECIMENS 
The foam investigated in this study is an open-cell 10 ppi Al-6101-T6 Duocel 
foam manufactured by ERG Aerospace Corporation. The foam is provided in a larger 4 
in tall block. Two-inch diameter cylindrical specimens were extracted from the block by 
wire electric discharge machining (EDM). This ensures minimum ligament distortion on 
the machined surface. The cylinders had nominal heights of either 2.0 in (51 mm) or 4.0 
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in (102 mm) depending on the experiment. Specimens were machined such that the axis 
of the cylinder was in the rise direction of the foam (see details of foam manufacture in 
Jang et al., 2008). After machining, the foam specimens were scanned using computed X-
ray tomography (CT 80 by Scanco Medical). The 3D images are kept in file for later 
analysis. The diameter and height of the specimens were then measured and the specimen 
was weighed in order to calculate the individual relative density. 
In direct impact experiments the foam specimen was attached to a two-inch (51 
mm) diameter cylindrical backing mass constituting the round. The backing mass was 
made from either polycarbonate (for high velocity tests) or from copper. The length of 
these cylinders depended on the required mass. However, the round had to be long 
enough so that it did not totally clear the barrel prior to first impact. This aids in 
maintaining the alignment of the round with the target and prevents non-orthogonal 
impact. This tends to lead to uniaxial straining and prevents buckling, at least during the 
initial response. The round should also be short enough to ensure that it clears the 
pressure relief holes prior to impact. 
For stationary impact tests the specimen was affixed to the anvil with Devcon 2-
ton epoxy. The impact round was made of polycarbonate with a cast polyurethane foam 
backing to aid in maintaining the alignment. 
2.5 POST-PROCESSING AND ANALYSIS 
a. Image Analysis 
After each experiment the relevant digital images are saved using the PFV 
software. The behavior of the foam in the images is then analyzed using a MATLAB 
script written for these experiments. For direct impact experiments the position of the 
anvil prior to impact is set as the origin of the x-axis such that all quantities are measured 
as a function of distance from the anvil’s initial position (see Fig. 2.4). For stationary 
impact tests the initial position of the free end of the foam is set as the origin (see Fig. 
2.5). In order to convert the image data to distances calibration is performed by taking the 
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known diameter of the anvil and dividing by the associated pixels as determined in 
MATLAB.  
For each frame the following quantities defined in Figs. 2.4 and 2.5 are measured 
where relevant; the location of the front of the projectile (

x f ), the distance of the backing 
mass (

xb), the distance of the crush front (

xc ) and the displacement of the anvil from its 
initial position (

xa ). The following quantities are then calculated where relevant; impact 
velocity (

Vi ), uncrushed height (

hu ), crushed height ( ch ), crush front velocity (

Vc ), 
backing mass velocity (

Vb), original height of the crushed zone (s) and shock front 
velocity ( s ). The crush front velocity is defined by the location of the crush front with 
respect to the anvil as a function of time whereas the shock front velocity is defined by 
the location of the crush front with respect to the uncrushed end of the specimen as a 
function of time. 
b. Direct Impact Tests 
For a direct impact test the specimen is fired with a backing mass towards the 
anvil. Figure 2.4a shows the parameters measured prior to impact with the anvil. The 
impact velocity is determined by plotting 

x f  vs. time and using the equation 
 
dt
dx
V
f
i  . 
(2.2)  
The measured parameters after impact for an experiment where a clear crush front 
develops are shown in Fig. 2.4b. These parameters are measured until the crush front 
reaches the backing mass, at which point the crush front is no longer propagating and 
therefore 

xc  is not a relevant quantity. After this 

xa  and 

xb  are measured until no further 
densification is observed. For an experiment where a clear crush front does not develop, 

xc  is not relevant and only 

xa  and 

xb  are measured. 
For impacts with a crush front 

hc , 

hu , 

Vb , 

Vc  and 

Va  are defined as follows:  
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acc xxh  , 
(2.3)  
 
cbu xxh  , 
(2.4)  
 
t
x
V bb


 , (2.5)  
 

Vc 
xc
t
, (2.6)  
 

Va 
xa
t
. (2.7)  
The original height of the crushed portion (s) is calculated by  
 

s ho hu , 
(2.8)  
where 

ho  is the original height of the specimen. The speed of the shock front ( s ) is then  
 
t
h
s u


 . (2.9)  
The densification of the crushed portion of the sample (

D) is determined by 
 

D 
s hc
s
. (2.10)  
In the case of an impact that does not lead to a crush front 

xc  is not a meaningful quantity 
due to the change in crushing phenomena. Therefore only the location of the backing 
mass relative to the anvil is of interest. Equations (2.5) and (2.7) are still valid for 
subcritical impacts. The overall densification ( ) is given by  
 
o
abo
h
xxh )( 
 . (2.11)  
In the following chapters the notation D  is restricted to the densification of the crushed 
zone until the shock front reaches the anvil. All other densification is reported simply as 

. 
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c. Stationary Impact Tests 
In a stationary impact experiment the Al foam is attached to the anvil and a mass 
is fired at the foam. The relevant parameters prior to impact are shown in Fig. 2.5a. For 
this type of experiment 

x f  is not a meaningful quantity and therefore 

Vi  is calculated 
using the following equation instead  
 

Vi 
dxb
dt
. (2.12)  
The relevant parameters after impact for an experiment with a clear crush front are shown 
in Fig. 2.5b. In this case the quantities 

hc  and 

hu  are given by:  
 

hu hoxc , 
(2.13)  
 
bcc xxh  . 
(2.14)  
All other quantities have the same definitions as for the direct impact case. No stationary 
impact experiments were performed during this study at velocities for which a crush front 
did not develop and therefore that requisite case is not analyzed.  
 Unlike the direct impact case where the time at which the round impacts the anvil 
is the time at which the stress in the anvil rises above the level of the noise, in the 
stationary case there is a delay between the impact event and the rise in stress at the anvil. 
This delay is expected due to the finite time required for the force pulse to traverse the 
foam specimen. In order to account for this time difference the time at which the round 
strikes the foam is set to zero for the camera data and for the DAQ data by using the 
following equation: 
  













 

c
d
V
dhd
ttt
g
i
brb
cos  
rate frame
frames No.
. (2.15)  
where 

ts  is the shifted time, 

to  is the unshifted time, 

tc  is the time at which the round 
clears the second laser beam, 

db  is the distance between the second laser beam and the 
end of the barrel (3.5 in – 89 mm), 

hr  is the height of the fired round, 

dg  is the distance 
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from the anvil to the midpoint of the relevant strain gage and c is the elastic wave speed 
in the transmitted bar. No. frames is the number of frames, including fractions of a frame, 
between the front of the round exiting the barrel and striking the foam. The frame rate 
was consistently 40,000 frames/sec. The distances used in Eq. (2.15) are shown 
schematically in Fig 2.6 (which zooms in on the end of the barrel in Fig 2.2) where the 
distances are indicated below the barrel and the times above the barrel.  
d. Stress Measurements 
For a Wheatstone half bridge configuration the strain in the transmitted bar at any 
time is determined by  
 

 
2*Vout /Gain
Vin *GF
, (2.16)  
where for these experiments the gain was set to 210x, inV  was 10V and the gage factor 
(GF) was 2.03.  
As discussed in section 2.1 in order to increase the signal to noise ratio in the 
experiments a larger diameter anvil (2.49 in–63.2 mm) was shrink-fitted onto maraging 
steel bar with a smaller diameter (0.507 in––12.9 mm) resulting in an impedance 
mismatch. For the case of two elastic solid bars just in contact with each other and 
subjected to an incident stress wave (

i ), the transmitted stress wave (

 t ) and the 
reflected stress wave (

 r ) are calculated from: 
 

 t 
2A12c2
A11c1  A22c2
i , (2.17)  
 

 t 
A22c2  A11c1
A11c1  A22c2
i . 
(2.18)  
where 

Ai , 

i  and 

ci  are the cross-sectional area, density and elastic wave speed of the 
respective bars, where the subscript 1 denotes the bar the pulse originates from and 
subscript 2 denotes the bar that the pulse is transmitted into (Graff ,1975). 
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This experimental set-up does not precisely meet the conditions for which these 
equations were derived. The bar penetrates the anvil with a small space between the front 
of the bar and the depth of the hole it is inserted into and the materials are in radial 
contact (see Figs. 2.3 and A.10). While Eqns. (2.17) and (2.18) will not precisely predict 
the behavior of this setup they do provide a good approximation of the interfacial 
behavior.  
Using the approximation that 

  and c are the same for the anvil and the bar and 
multiplying Eq. (2.17) by the area of the bar, the force transmitted to the bar with respect 
to the force in the anvil can be estimated from:  
 
anvil
baranvil
bar
bar F
AA
A
F


2
. (2.19)  
This gives an estimated transmitted fraction of about 8% when the pulse first reaches the 
anvil/bar interface. The rest of the pulse reflects back to the face of the anvil and then 
back to the anvil/bar interface along with any new incident stress. Using Eqns. (2.17) and 
(2.18) to analyze the transmitted and reflected waves for multiple reflections within the 
anvil Fig. 2.7 shows the force-time response in the transmitted bar for a force step-
function of 1 on the anvil where the force step function add a continuous input stress 
wave of 1 on the anvil. The plot clearly shows the rise time of our pressure bar. This only 
approximates the response of the set-up and will lead to some distortion of the initial part 
of the force response recorded in the foam crushing experiments. Further details about 
this distortion will be given in Chapter 3. 
There are several consequences of this impedance mismatch between the bars 
causing the demonstrated rise time in the pressure bar. One is that a limit load (

 I1) as 
shown in Fig 1.1 cannot be extracted accurately from the response of the strain gages. 
Another is that any sharp changes in stress at the foam/anvil interface will tend to be 
smoothed out by the anvil/bar interface prior to the signal reaching the strain gages. 
However, if the foam specimen is sufficiently long such that the timescale of the crushing 
is longer than the rise time discussed then the average stress ahead of and behind the 
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crush front (  ) can be determined accurately. Thus by ensuring a sufficiently long 
crush time the stress at the specimen/anvil interface for the purpose of obtaining   is 
given by  
 

sample 
EbarAbarbar
Asample
. (2.20)  
While the crushing event should last sufficiently long for force equilibrium to be 
approximated, the time length of the pulse that can be directly analyzed is limited by the 
time for the pulse to pass by a strain gage station, reach the free end of the pressure bar 
and reflect back to that same station. The x-t diagram for the pressure bar shown in Fig. 
2.8 was constructed in order to deal with pulses longer than this time. In order to correct 
for the effect of the reflected signal on the measured signal Eqns. (2.17) and (2.18) were 
used to account for the impedance mismatch when the reflected signal reaches the anvil. 
Finally, this analysis does not account for the effects of wave dispersion and will 
thus introduce larger errors with greater time lengths and should not be used to extract 
precise stresses after the first reflection but only to approximate the behavior of the foam. 
Additionally, the reflected wave that reaches the front of the anvil is treated as being fully 
reflected, neglecting the impedance mismatch with the aluminum foam. 
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Chapter 3 Dynamic Experiments 
The study involved a series of direct and stationary impact experiments on Al-
6101-T6 foams with approximate relative density of about 0.085. The foam tested was 10 
ppi and was impacted in the rise direction. The specimens were cylindrical with a 2.0 in 
(51 mm) diameter and typical height of 4.0 in (102 mm). A smaller number of test 
involved specimens that were only 2.0 in (51 mm) tall. This chapter presents the results 
from the tests that typically include the force-time record measured and a sequence of 
corresponding images from the high-speed video recording that show the evolution of 
deformation with time. 
3.1 DIRECT IMPACT EXPERIMENTS 
Direct impact experiments over a range of velocities were performed to 
investigate how the evolution of densification varies with impact velocity. The backing 
mass (m) for each experiment was chosen such that the kinetic energy of the round was 
greater than or equal to the energy absorbed by a similar 10 ppi foam to obtain 55% 
densification in quasi-static compression using a rigid-perfectly plastic locking (rppl) 
approximation. This is calculated from 
 
coPi AhmV  1
2
2
1
 . (3.1)  
Quasi-static behavior of a 10 ppi Doucel foam in the rise direction from a previous study 
(Jang and Kyriakides, 2009) was used to estimate a plateau stress ( ) of 450 psi (3.1 
MPa);  is the specimen height, A  is the specimen cross-sectional area and the 
densification strain when the primary mechanism changes from cell band collapse to 
further densification of the crushed cells  ( ) was set at 0.55. The backing mass for most 
experiments was spray-painted matte black to reduce the glare in the digital camera 
images. 
1P
oh
c
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a. Typical High Speed Impact Experiment at Vi = 127 m/s 
The highest velocity experiment was performed at  = 127 m/s. This experiment 
used a 130.6 g polycarbonate backing mass, which gave a kinetic energy approximately 3 
times that absorbed in quasi-static crushing to . The foam specimen had a length of 
4.06 in (103 mm) and a relative density of 0.0831 (see Table 3.1). 
 
Table 3.1 Summary of experimental results 
 
Exp. 
Type 
 
m/s 
 in 
(mm) 
 
  
kg 
 
 psi 
(MPa) 
 psi 
(MPa) 
  
m/s 
Direct 127 
4.06 
(103) 
0.0831 0.131 0.76 
862.5 
(5.95) 
308.6 
(2.13) 
150.4 
Direct 21.6 
4.05 
(103) 
0.0830 1.791 - 
357.9 
(2.47) 
- - 
Direct 39 
4.04 
(103) 
0.0826 1.791 0.55 
412.7 
(2.85) 
- 70.1 
Direct 65 
4.07 
(103) 
0.0829 0.357 0.62 
498.1 
(3.43) 
323.0 
(2.23) 
92.5 
Direct 90 
4.03 
(102) 
0.0840 0.0181 0.69 
594.2 
(4.10) 
322.1 
(2.22) 
111.9 
Stationary 91 
2.00 
(51) 
0.0838 0.141 0.69 
597.4 
(4.12) 
369.2 
(2.55) 
113.7 
 
The stress history of this sample with time is shown in Fig. 3.1. The plots of the 
measured stress with time in this chapter use Eq. (2.20) for all times. As noted in Chapter 
2 the impedance mismatch in the setup will tend to smooth out features that have a short 
duration time. Thus it should be noted that the extracted stress vs. time curves presented 
constitute a smoothed approximation of the actual stress history at the specimen/anvil 
interface. Consequently the stress response in this figure is quite different from that for a 
quasi-static specimen such as that shown in Fig. 1.1. In particular, the response between 0 
and 0.3 ms rises gradually to a steady state, which can be viewed as the average dynamic 
iV
c

Vi

ho

 *

m

D 
  s
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stress in the crushed region ( ). The expected response should have a much shorter rise 
time. As pointed out in Fig. 2.6, the mismatch referred to above has rise time of about 0.3 
ms, consequently the results up to this time are artificially low. Beyond this time these 
effects have been overcome and  is representative of the actual response at the 
foam/anvil interface. Thus the relatively flat stress between about 0.3 and 0.7 ms is 
considered to be an accurate measurement of the stress at the foam/anvil inrteface.  
It is worth noting that finite elements simulations of the dynamic crushing 
experiments by the research group using LS-DYNA, not presented here, show a similar 
initial stress response when the anvil and the pressure bar are modeled in detail. Another 
group that uses a similar experimental setup observed a similar rise time phenomenon, 
although due to a lower area mismatch a limit load was observable (Tan et al., 2005). 
The evolution of the densification can be observed in the set of images from the 
high-speed video record shown in Fig. 3.2. Note that the images correspond to the time 
and stress marked in Fig. 3.1 with solid bullets. In these images the anvil is on the left 
and the dark object proceeding from the right is the backing mass. Similar photographic 
records will be reported in all subsequent presentations of experimental results.  
A sharply defined crush front is observed to originate at the foam/anvil interface 
in image . In images  to  this front is seen to propagate towards the backing mass. 
Behind it the foam is densified while ahead of it the foam appears undeformed. In image 
 the front has reached the backing mass and subsequently the densified foam undergoes 
further compaction. Interestingly this is associated exactly with the sharp upturn in the 
recorded stress in Fig. 3.1. Thus the density of the crush zone and the final density of the 
recovered sample will not be identical or related. This points out the crucial role of high-
speed imaging in establishing the relationship between the densification strain and impact 
velocity and is discussed further in Section 3.3. 
Another visualization of the evolution of deformation is shown as an x-t diagram 
in Fig. 3.3. To construct the x-t diagram a slice of the image from the center of a frame is 
taken and placed directly above that of the slice from the preceding frame in the diagram. 


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In the bottom slice ( ) the foam is approaching the anvil from the right. As time moves 
forward the foam travels toward the anvil and the slope formed by its front with time is 
its velocity. The round strikes the anvil at time  and densification begins at the anvil 
foam interface. We now have two velocities, the particle velocity of the intact foam and 
the velocity of the crush front. The latter is represented by the slope of crush front, 
marked in yellow in the figure, which is also seen to be nearly constant. At time  the 
crush front reaches the backing mass and subsequently the previously crushed material 
undergoes further compaction. Throughout this time period the anvil is nearly stationary 
in this experiment.  
The extracted velocities as a function of time are shown in Fig. 3.4. In order to 
smooth the data to highlight the overall trends Eqns. (2.5), (2.7) and (2.9) were used with 
a 3-point centered moving average; this process is used in all subsequent velocity charts. 
In this figure and all subsequent figures presenting velocities, the absolute magnitude of 
the crush front velocity ( ) is shown.  actually has the opposite sign of the backing 
mass velocity ( ) for direct impact cases due to the backing mass and crush front 
moving in opposite directions. As noted above, the motion of the anvil during the time of 
interest was negligible. Therefore the anvil velocity ( ) is not presented in the figure, 
nor is it shown for subsequent experiments unless significant motion occurs during 
densification. The vertical dashed line at 0.7 ms corresponds to the time at which the 
shock front reaches the backing mass ( ). 
 is observed to decrease gradually nearly linearly until . Beyond this point 
 decreases more rapidly at an approximately linear rate. The important observation 
here is that the deceleration begins almost immediately after impact albeit at a relatively 
slow rate. This drop in velocity must be accounted for when modeling the response of the 
foam. This observation is in contrast to the common assumption that  is constant for 
the portion of crushing associated with the propagation of the crushing front in the 
specimen (e.g., Lee et al., 2006).  
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The measured  is somewhat noisier but by and large can be considered as 
nearly constant. The noise is due to two primary factors: first, in analysis of the data the 
crush front is treated as a sharply defined front that is perfectly parallel to the impact 
face. In reality this is not the case and the location of the crush front is selected by 
averaging the extent of crushing across the diameter of the sample. Second, crushing is 
associated with the collapse of a band of cells which tends to be a somewhat discrete 
event. The noise in  also reflects in the shock front velocity due to the fact that both of 
these velocities depend on the measured position of the crush front. 
b. Typical Low Speed Impact Experiment at Vi = 21.6 m/s 
The lowest round velocity in direct impact experiment was  = 21.6 m/s. The 
specimen length was 4.05 in (103 mm) and had a relative density of 0.0830. The backing 
mass was 1.791 kg (3.95 lb) of copper (Table 3.1). The backing mass was chosen to have 
a kinetic energy equivalent the energy absorbed to crush a similar foam quasi-statically to 
. It was acknowledged that this might be insufficient to fully crush the specimen. 
However, safety concerns and facility limitations limited the maximum size of the 
projectile. 
Figure 3.5 shows the stress history recorded at the first strain gage set before 
correcting for wave reflections. Marked with a dashed line is the time at which the first 
reflection arrives at this location ( ). To describe the response of the foam beyond this 
time, impedance mismatch at the anvil (see Section 2.5d.) is used to correct the recorded 
signals for the three gage stations. The three reconstructed histories are averaged to 
produce the results shown in Fig. 3.6. The same procedure was used in all subsequent 
experiments for which the duration of the crushing event exceeded . For this specimen 
the stress-time response reaches a steady state and then decreases beyond ~4.5 ms 
indicating that the kinetic energy was insufficient to crush the whole specimen. 
Figure 3.7 shows a set of images of the deforming specimen from the high-speed 
video record that corresponds to the time and stress marked with solid bullets in Fig. 3.6. 
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For this experiment a crush front was not observed; instead in image  deformation 
appears to be uniform in the specimen. Localized crushing appears away from the anvil 
in image . The crushing consumes more of the central part of the specimen in images 
 to . In image  crushing has initiated at a second site closer to the backing mass. 
This behavior is reminiscent of what is typically seen in quasi-static crushing tests, where 
the “weakest” zone, usually away from the ends, buckles and collapses locally first. In 
image  the two crushing zones are clearly seen separated by a central nearly intact 
section of foam. The two crushing zones are not necessarily parallel to the anvil face, the 
deformation is non-planar and the specimen develops some out of plane deformation. The 
lateral deformation grows further in images  and  where the specimen appears 
buckled. The last image shown corresponds to the drop in measured stress seen in Fig. 
3.6, indicating that the kinetic energy of the projectile was insufficient to totally crush 
this specimen.  
Figure 3.8 shows a more quantitative visualization of the response of the foam in 
the form of an x-t diagram based on the position of a central slice of the frame 
(definitions of backing mass, foam and anvil similar to those in Fig. 3.3; note the much 
longer time associated with the vertical axis). The nearly linear initial slope of the edge of 
the foam before impact indicates a nearly constant velocity. The foam comes into contact 
with the anvil at time . The foam starts to crush but no shock front is observed. At the 
same time the anvil starts to move to the left. The curved trajectory of its path indicates 
that it accelerates during the time span of the diagram. Simultaneously, the trajectory of 
the edge of the backing mass develops an opposite curvature indicating that it is 
decelerating. The foam specimen is getting shorter until time  when deformation 
ceases.  
The velocities of the backing mass and the anvil after impact are plotted vs. time 
in Fig. 3.9. Although the velocity histories are rather noisy, the backing mass is clearly 
decelerating and the anvil accelerating as observed in the x-t diagram. At about 4 ms the 
both velocities approach 8 m/s. Beyond this point the two are moving with similar 
1t
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velocities. Although inaccurate due to the buckling of the specimen, the average strain in 
the foam at the end of the test was about 0.47 which indicates that it was not fully 
crushed (less than  of the quasi-static case).  
c. Additional Low Speed Impact Experiment at Vi = 39 m/s 
 To further investigate the effect of  on the response of this foam another 
specimen with length 4.04 in (103 mm) and relative density of 0.0826 was fired with  
= 39 m/s. The backing mass for this sample was a 1.791 kg copper cylinder (see Table 
3.1). This backing mass and velocity correspond to a kinetic energy approximately 4 
times the quasi-static energy absorbed for densification to
 
. 
 Figure 3.10 shows the stress history from the first strain gage pair. The first 
reflection arrives at time  (dashed vertical line). Figure 3.11 shows the averaged stress 
history for the specimen after pulse reconstruction of each of the strain gage pairs in the 
fashion described in Section 3.1b. Following the initial transient that as reported is 
distorted by the impendence mismatch, the corrected stress remains at a nearly constant 
level until about 1.5 ms when it takes a sharp upturn. 
A sequence of images from the high-speed record corresponding to the points on 
the stress response marked with solid bullets in Fig. 3.11 are shown in Fig. 3.12. Images 
 and  show that the initial crushing proceeds from the sample/anvil interface towards 
the backing mass. By image  crushing has also initiated in the midsection of the 
specimen. Subsequently in images  to , two inclined bands of crushed cells have 
formed on either side of a wedge like region of initially relatively undeformed foam. In 
images  to  crushing continues to take place throughout the specimen. At some point 
anvil starts to move ( ) and at a later time the backing mass and anvil approach similar 
velocities. It is interesting to observe that the higher kinetic energy available in this test 
resulted in crushing the specimen to a greater degree than in the previous case (Fig. 3.7). 
A more quantitative view of these events can be seen in the x-t diagram in Fig. 
3.13. A narrow band of densified material can be seen to have formed next to the anvil 
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following first contact ( ). However, this is short lived and most of the specimen is 
deforming in a less organized manner free of a propagating shock front. Figure 3.14 
shows backing and anvil velocities vs. time. The backing mass is decelerating and at 
some point the anvils starts to accelerate as also evidenced by the curved trajectories of 
the edges of these components in the x-t diagram in Fig. 3.13. At approximately 3 ms the 
two components develop and same velocity and this corresponds to time  in the x-t 
diagram.  
 Finally, the fact that at this velocity a crush front of short duration was observed 
at the beginning to the test, may indicate that we have entered a transition regime 
between quasi-static type behavior free of shock fronts and the regime where crushing 
involves the clear propagation of a shock front across the entire specimen such as that 
reported for the experiment at 127 m/s.  
d. Medium Speed Direct Impact at Vi = 65 m/s 
Another direct impact experiment was carried out at  = 65 m/s. The specimen 
length was 4.07 in (103 mm) with a relative density of 0.0829. The backing mass was 
356.8 g of polycarbonate (Table 3.1). The kinetic energy of the backing mass at this 
velocity corresponds to about 2.5 times the energy absorbed to quasi-statically crush a 
similar specimen to
 
. 
Figure 3.15 shows the stress history as recorded by the first strain gage station 
before any corrections. The dashed vertical red line again indicates the time ( ) at which 
the first reflected wave reaches the station. Correction for wave reflections in all gage 
pairs was undertaken (as described in Section 3.1b) producing the corrected stress history 
for this sample shown in Fig. 3.16. After the initial transient due to impedance mismatch 
a nearly constant stress is observed until a sharp upturn at 1.4 ms. 
Figure 3.17 shows the sequence of high-speed video images corresponding to 
time and stress marked with solid bullets in Fig 3.16. In images  and  a crush front is 
observed originating at the foam/anvil interface. This crush front continues to propagate 
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towards the backing mass in images  to . An interesting observation is that the strain 
of the crushed region in these images is much less than was observed in Fig. 3.2 for the 
experiment at  = 127 m/s. This dependence of the compaction strain on impact velocity 
will be further analyzed quantitatively in Section 3.3. In images  and  crushing front 
is no longer planar and the specimen develops some out of plane deformation. 
Concurrently, from the x-t diagram in Fig. 3.18 we observe that the backing mass and the 
crushing front are decelerating. The shock front reaches the backing in image  (  in x-t 
diagram), after which further compaction occurs as can be observed in images  and . 
Associated with this further compaction is the sharp upturn in stress observed in Fig. 3.16 
between points  and .  
More careful analysis of the x-t diagram in Fig. 3.18 shows that the crush front 
develops immediately after the foam makes contact with the anvil at time  (indicated 
by the faint yellow line). The crush front initially proceeds at a constant velocity but 
decelerates once about 2/3 of the specimen has been crushed. The crushing front reaches 
the backing mass at  after which further compaction of the crushed material is 
observed. The anvil is observed to remain essentially stationary during the whole process 
while the trajectory of the edge of the backing mass indicates that it is decelerating. 
 Figure 3.19 shows the backing mass, shock front and crush front velocities vs. 
time. After impact the backing mass decelerates nearly linearly reaching a velocity of 
about 54 m/s at . Subsequently it decelerates to zero velocity at a much faster rate (see 
similar results in Fig 3.4). It’s interesting that beyond T = 0.6 ms both  and s  show a 
drop that can be attributed to the crush front becoming non-planar and less sharply 
defined. 
e. High Speed Direct Impact at Vi = 90 m/s 
Another specimen, with 4.03 in (102 mm) length and 0.0840 relative density, was 
tested at  = 90 m/s. The backing mass for this experiment was 180.6 g of 
iV

t2
1t
2t
2t
cV
iV
  
26 
 
polycarbonate (Table 3.1). This mass had a kinetic energy at impact about twice the 
energy absorbed by a comparable quasi-static specimen to achieve 

c . 
The stress history recorded by the gage station nearest the anvil is shown in Fig. 
3.20. Once again the dashed vertical red line at  is associated with pulse reflection. The 
averaged stress history (as outlined in Section 3.1b) for all gage pairs after reconstruction 
is shown in Fig. 3.21. The history again shows a nearly constant level of stress (after the 
initial transient impedance mismatch effects) before a sharp upturn in stress around 1 ms. 
The evolution of deformation for this sample is shown in the sequence of high-
speed video images in Fig. 3.22, where again each image corresponds to the time and 
stress indicated by the solid bullets in Fig. 3.21. A sharply defined crush front develops 
starting in image . The crush front propagates from the anvil to the backing mass in 
images  to  remaining nearly planar. Furthermore, the front velocity remains nearly 
constant up to image  as evidenced in the corresponding x-t diagram in Fig. 3.23. The 
front reaches the backing mass at time 

t2  when the remaining energy causes further 
compaction of the crushed specimen as observed in images  and . The second 
compaction is also associated with the upturn in stress observed in Fig. 3.21. 
The x-t diagram in Fig. 3.23 shows the dynamic events to resemble those in Fig. 
3.3 for 

Vi  = 127 m/s. The crushing front maintains essentially constant velocity until 

t2 . 
The height of the crushed region at  is less than that for the 65 m/s experiment in Fig. 
3.18 and larger than that of 127 m/s test in Fig. 3.3. Beyond 

t2  the specimen is 
compacted further and simultaneously the backing mass decelerates. The velocities of 
interest are plotted vs. time in Fig. 3.24. 

Vb  is seen to decrease linearly from 90 m/s at the 
outset to about 63 m/s at 

t2 . The crush front and shock front velocities although 
somewhat noisy on average remain nearly constant.  
f. Summary of Direct Impact Experiments 
 The stress histories from the five direct impact experiments are compared in Fig. 
3.25 where the following trends can be observed: (a) the average stress measured in the 
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crushed region (

) is increasing with increasing 

Vi  (see additional discussion in 
Chapter 4); (b) the time at which densification occurs decreases as 

Vi  increases and the 
rate at which the stress increases after the steady state is greater with increasing 

Vi  as 
well. 
3.2 STATIONARY IMPACT EXPERIMENTS 
For comparison with the direct impact experiments a sample was tested under 
stationary impact conditions to determine the stresses transmitted through a foam 
specimen subjected to an impact loading.  
a. High Speed Stationary Impact at Vi = 91 m/s 
 One stationary impact test was performed for comparison at a velocity 

Vi  = 91 
m/s. The specimen was 2.00 in (51 mm) tall and had a relative density 0.0838. A 
polycarbonate round of 131.8 g and a backing of 9.54 g of polyurethane foam to aid in 
alignment was fired at the stationary sample (Table 3.1). The kinetic energy of the round 
corresponds to about 3.3 times that absorbed for the quasi-static case. 
 The stress history (in this case the stress transmitted through the specimen) is 
shown in Fig. 3.26. In the corresponding high-speed video images in Fig. 3.27, in image 
 the round has already struck the foam however the measured stress has not yet risen 
above the level of the noise, indicating a delay between impact and the stress in the 
opposite end of the specimen rising. By image  a crushing front has formed on the 
impacted side of the sample and the stress started to rise. Between images  to  the 
crush front propagates towards the anvil reaching it shortly after image . The stress at 
the foam/anvil interface in this experiment does not achieve a steady state but instead is 
monotonically increasing until the shock front reaches the anvil, after which it continues 
to increase at a faster rate with further densification taking place in images  and . In 
the stress histories of the direct impact specimens a delay in reaching a steady state was 
observed due to the rise time effects, however a steady state was reached by 0.3 ms for 
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these specimens. Therefore the monotonically increasing behavior of this result cannot be 
attributed to rise time effects alone.  
The deformation of this specimen with time is shown quantitatively in the x-t 
diagram in Fig. 3.28. A crush front develops at the impact face of the specimen once the 
round strikes the foam at 

t1. The crush front propagates towards the anvil until it reaches 
it at 

t2 . Unlike the direct impact case the shock front does not appear to move with 
constant velocity, instead curvature of the trajectory of the crush front develops shortly 
after 

t1 indicating deceleration. This deceleration can also be observed in Fig. 3.29 where 
the velocities of interest for this test are presented (note that 

Vc  and s  are equivalent for 
the stationary impact case). An interesting feature is that the magnitude of 

Vc  (or s ) in 
this experiment is comparable to that of s  in Fig. 3.24 for a specimen with similar 
relative density and impact velocity under direct impact conditions. The backing mass 
follows a similar trend to the crush front where the trajectory of the edge of the backing 
mass starts to decelerate shortly after impact in the x-t diagram. More, quantitatively Fig. 
3.29 shows 

Vb  to decrease from 91 m/s at impact to 70 m/s at 

t2 . After the crush front 
reaches the anvil at 

t2  further compaction of the crushed specimen is observed and 

Vb  
decreases at a linear but faster rate until reaching zero. 
3.3  DENSIFICATION STRAIN (D) 
 The experiments confirmed that the strain behind the crushing shocks (

D ) varies 
significantly with impact velocity. Furthermore the final strain is also different as 
typically specimens underwent a second compaction. These results are in conflict with 
assumptions made in several studies that 

D is insensitive to velocity. In particular this 
assumption is often made when using a rigid-perfectly plastic locking (rppl) model. In 
this section these variables are quantified as a function of iV . 

D  defined as the strain at 
the time the shock front reaches the backing mass (or the anvil for stationary impact) is 
listed in Table 3.2. The strain at the end of the test (

 f ) is also listed in the same Table. 
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For reference, the quasi-static results are also included based on the results presented in 
Jang and Kyriakides (2009). Included in the Table are also the relative densities at the 
three stages of deformation: initial, crushed by the shock front, and the final value. (The 
Table includes results for a direct impact test conducted at iV  = 94 m/s which was not 
discussed in Section 3.1. The sample was 2 in (51 mm) tall and the results were similar to 
the experiment at 90 m/s.)  
Table 3.2 Relative densities and strains for dynamic samples 
 
   

*
 
 
  

Vi  
m/s 
Impact 
type 
Initial Collapsed Final 

D 

 f  
QS Static 8.56% 19.0% -- 0.55 -- 
65 Direct 8.29% 19.8% 34.1% 0.62 0.79 
90 Direct 8.41% 24.4% 34.4% 0.69 0.80 
91 Station. 8.38% 24.6% 40.8% 0.69 0.83 
94 Direct 8.60% 26.0% 42.4% 0.70 0.83 
127 Direct 8.31% 31.7% 47.0% 0.76 0.85 
 
In these results D  is observed to increase monotonically with iV . The relative 
densities at each stage were calculated in order to separate the effect of relative density 
from the effect impact velocity upon D . Comparison of the specimens for the direct 
impacts at 90 and 94 m/s shows that although the initial 

* /  are somewhat different, 
the D  are almost identical. This indicates the impact velocity is the dominant variable. 
These results are also shown graphically in Fig 3.30 where D  is shown to increase 
nearly linearly with impact velocity. An estimate for D  (0.55) of the specimen with iV  
= 39 m/s during the shock type portion of crushing is included in the figure to highlight 
the overall trend. The results show that the assumption that D  is independent of 
velocity, often made in the rigid-perfectly plastic models with a “locking strain” is 
inappropriate.  
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Another feature to note is that f , which is measured after the test, is 
significantly larger than D  measured at 2t . f  will vary with the kinetic energy 
remaining in the backing mass after 2t  and tends towards a similar strain in the above 
results. This shows that the strain measured after sample recovery is of limited use in 
investigating the response of the foam. 
3.4 EXPERIMENTAL SUMMARY 
 In this chapter the results of direct impact experiments show a trend of increasing 
average stress in the crushed zone (  ) with increasing impact velocity. The stationary 
impact experiment showed a measured stress in the uncrushed region (  ) that did not 
reach a steady state and was less than  . The velocity of the backing mass in all cases 
was observed to decrease upon impact. 
High-speed digital images showed that the densification strain increases with 
velocity and is unrelated to the strain of the recovered sample and not equivalent to the 
quasi-static densification strain. 
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Chapter 4 Analysis 
 Analysis and interpretation of the results presented in Chapter 3 are discussed 
here. Recognizing that the stress in the foam specimen in not uniform along its length, an 
equation is derived to calculate the stress in the end of the foam opposite to the anvil 
(where the stress measurement is made). This is based solely on shock equations 
enforcing conservation of mass and momentum, eliminating the need for a constitutive 
model for the dynamic response of the foam; all required quantities can be obtained from 
the quantities measured with the strain gages and high speed digital photography. The 
results are then interpreted in terms of the shock Hugoniot relations and contrasted with 
commonly used constitutive models and analyses of dynamic impact on foams.  
4.1 EQUATIONS OF MOTION AND SHOCK CONDITIONS  
In order to gain a better understanding of the material behavior under dynamic 
impact it is desirable to be able to determine the force in the opposite end of the sample to 
that where the measurement is performed. At low velocities where no shock front is 
observed (or under quasi-static loading conditions) an assumption that stress equilibrium 
is achieved during the test is appropriate and therefore no further analysis is required to 
determine the stress state. However, for samples where a clear shock front is observed 
stress equilibrium is not achieved during the portion of densification that is of interest. 
There are several parameters such as particle velocity, force and density that are not 
continuous across the crush front. In fact, the shock jump equations that express the 
conservation of mass and momentum must be used to relate the states ahead and behind 
the shock. The derivation of these shock jump equations is presented below. 
The dynamic impact problem can be modeled as a one-dimensional impact 
problem. The material points in the reference configuration (used in Figs 2.4 and 2.5) are 
indicated by x . The material points in the deformed position are given by 
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   txuxtxy ,,  , (4.1)  
where u  is the displacement. The deformation gradient is  
 
 
 
 tx
x
txu
x
y
txF ,1
,
1, 





 ,  (4.2)  
which can be rewritten as  
 
  dydxtxF , .  (4.3)  
The particle velocity (V ) is 
 
t
u
t
y
txV





),( .  (4.4)  
The strain ( ) is 
 
 
x
u
tx


,   (4.5)  
Conservation of mass is given by 
 
  
y
y
B
A
dyty
dt
d
0, .  (4.6)  
Conservation of momentum is given by  
 
        
y
y
tytydytyVty
dt
d
B
A
AB ,,,,  .  
(4.7)  
Conservation of energy is not required for development of these equations. An important 
consideration is that   is negative in compression and positive in tension in these 
equations. Whereas in these experiments a tensile state is never observed, therefore for 
simplicity all stresses in the figures and tables are compressive and the negative sign in 
dropped. 
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If we assume that the field quantities are smooth, then derivatives exist for all 
motions. Transforming Eq. (4.6) to the reference configuration yields 
 
     
B
A
x
x
t dxtxFtx 0,, , .  
(4.8)  
Eq. (4.8) must be true for all Ax  and Bx . Therefore the integrand must equal zero. Or 
 
        0,,,, ,,  txFtxtxtxF tt  . (4.9)  
where the subscripts x and t indicate derivatives with respect to x and t respectively. 
Now 

oF   and xt VF ,,  . Therefore the differential form of the conservation of mass is  
 
0
1
,
,






x
t
o V

 . (4.10)  
Using the same method on the conservation of momentum, Eq. (4.7), yields 
 
0,,  xtov  .  
(4.11)  
For experiments with a crush front there is a propagating shock across which the 
derivatives are not defined. Let the shock occur at  tsx   and the shock speed is s  
(defined in Eq. (2.9)). The conservation of mass is then  
  
     








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 
 
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y
y
y
y A
BB
A
dytydytydyty
dt
d
dyty
dt
d
0,),(,, 
, 
(4.12)  
where y  and y  are just to the right (in the uncrushed region) and just to the left (in the 
crushed region) of the shock in Fig 4.1; in the limit   sytsyyy 
 ,,  the middle 
integral vanishes; using Leibnitz rule on the other two terms, and manipulating the above 
yields the jump condition 
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   01 











Vso

  , (4.13)  
where     is the jump operator, which is defined as the relevant parameter in the 
uncrushed region (+) minus that same parameter in the crushed region (-). Writing the 
change in density in terms of the axial strain (assuming zero transverse strain), we get 
 
  0  VVs D   (4.14)  
as an expression of kinematic compatibility. Equation (4.14) provides a method of 
determing the shock speed from measurements of particle velocities on either side of the 
shock and the densification strain (as shown in Section 3.3). The same treatment of the 
momentum equation yields the jump condition 
 
      0  Vso  ,  (4.15)  
which can be rewritten as 
 
    0   VVso  .  (4.16)  
These quantities are shown in Fig 4.1. In the direct impact case the Eq (4.15) is 
rearranged as 
 
   VVso  , (4.17)  
where   is the stress in the uncrushed portion of the sample,
 
  is the stress in the 
crushed portion of the sample (this is the force measured with the strain gages on the 
Hopkinson bar), o  is the original density of the sample, V  is the velocity in the 
uncrushed zone (for the direct impact case this is equivalent to bV ) and V  is the velocity 
in the crushed zone (which for a direct impact is equivalent to aV ). 
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For the stationary impact test Eq. (4.16) is still applicable. For ease of calculation 
it can be rearranged as follows 
 
   VVso  , (4.18)  
where for this case the stress in the uncrushed portion of the sample   is the measured 
stress,   is the calculated stress, V  is now equivalent to aV  which is approximately 
zero and V  is equivalent to bV . 
Equations (4.17) and (4.18) indicate how one can estimate the dynamic crushing 
stress in the specimen from the other measurements. This calculation is affected by the 
rise time. Furthermore, once the shock front reaches the backing mass Eqns. (4.17) and 
(4.18) have to be updated to account for shock reflection effects in order to capture the 
further densification that occurs. In addition, for application purposes this region of 
densification should be avoided since the transmitted forces would be higher. In the 
present work, we limit consideration to times before shock reflection occurs. For this 
time range aV  is approximately zero and V  is dropped from Eq. (4.17) and V  from Eq. 
(4.18). 
The experimental results are now interpreted in terms of the above shock analysis 
as shown in Fig. 4.2 for the iV  = 65 m/s experiment, Fig. 4.3 for the iV  = 90 m/s 
experiment and Fig. 4.4 for the iV  = 127 m/s sample. To smooth the data the velocities 
again use a 3 point moving average. For each sample the calculated   is presented as 
the solid red line while for comparison the measured   is presented as a dashed blue 
line. While the measured stress at the impact face increases with velocity, the calculated 
stresses, within the level of noise, do not show a clear variation with velocity. Figure 4.5 
shows a comparison of   for all three direct impact samples as a function of the 
normalized time to densification ( dtt / ); this could be interpreted as an indication that 
  does not vary significantly with velocity. 
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The calculated stress (solid red line) and the measured stress (dashed blue line) 
for the stationary impact sample are shown in Fig 4.6.   is greater than   as 
expected. Another interesting feature is that the calculated   appears to reach a steady 
state during the experiment similar to the measured   for the direct case. While the 
measured   has a delay before it begins to rise after which it continues to increase until 
densification similar to the calculated   for the direct impact case. The initial slope in 
the results is likely due to the rise time in the bar since the calculation of   relies on the 
measurement of  . 
Figure 4.7 compares the measured   (blue line) and calculated   (red line) for 
a stationary impact experiment to the calculated   (black line) and measured   
(green line) for a direct impact experiment with similar impact velocity and relative 
density. Because the sample heights and backing masses were different, the x-axis is 
presented as time normalized to the time for cell band collapse ( dtt / ). The similar time 
delay for   to rise and the similar levels of stress for both   and   along with their 
behaviors noted above suggest that the shock equations predict the stress across the shock 
well.  
There are several differences that distinguish the present interpretation from other 
studies that use a rigid-perfectly plastic locking (rppl) approximation to model the foam 
both quasi-statically and dynamically. First, no assumptions regarding the stress in any 
portion of the sample, the densification strain or the shock speed are required. The 
measurements and the shock jump equations provide all necessary quantities for 
determining the complete state on either side of the propagating shock (collapse) front. 
Second, no assumptions regarding the densification strain ( D ) are required (or can be 
justified). In the rppl model the common assumption, although questioned recently in Tan 
et al. 2012, is that the quasi-static value of the crushing strain c  is applicable to dynamic 
crushing as well. As explicitly shown in Eqns. (4.13) and (4.14), D  is dependent on the 
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impact speed and the shock speed s . The experimental observations in Section 3.3 show 
the dependence of D  on the impact velocity. Third, no assumptions or estimates are 
required determining for the shock speed (as in the work of Tan et al, 2005 who assumed 
a constant “plastic wave speed”, pC ); the shock speed is measured directly and these 
measurements show that s  varies with iV . 
It is the use of high speed imaging and direct strain gauge measurements which 
allow measurements of the shock front velocity and dynamic crushing strain that 
distinguish this study and interpretation from previous studies. Without experimental 
measurements a constitutive model would be required to determine s  and D . Section 
4.3 will address how the measurements in this study can be used to predict the behavior 
at impact velocities not tested here. 
4.2- AVERAGE DYNAMIC STRESSES FOR DIRECT IMPACT 
It is clear from the shock analysis that the dynamic crushing stress is not the stress 
measured with the Hopkinson bar for the direct impact test, instead it is the stress   
calculated from Eq. (4.17). The effect of iV  on the dynamic crushing stress can be 
investigated provided that the effect of the ring-up time is minimized. In order to 
facilitate this minimization it was decided to begin the analysis after a rise time denoted 
by rt , (taken to be about 0.3 ms based on the results of the impedance mismatch 
analysis, simulations and experimental observations). The extent of the shock induced 
compaction is then defined as the time between rt  and time dt , which is the minimum of 
the time at which the reflection reaches the first strain gage pair and the completion of 
cell collapse as determined by image analysis. The average dynamic crushing stress    is 
then calculated as  
  1
( )
d
r
t
d r t
t dt
t t
  
 
. (4.19)  
  
38 
 
A similar average stress is also defined for the stress in the crushed side,   , obtained 
from the stress measured with the strain gages in the Hopkinson bar. An alternative 
definition for dt  allowing for the use of the reconstructed pulse in order to capture the 
response until the termination of cell band collapse was rejected. The reconstruction uses 
a simplified model that does not address the effect of the foam on the reflected wave that 
reaches the front of the anvil which will affect the results, wave dispersion is also 
ignored. The presented results at low velocities should then be interpreted with care as 
they only capture a portion of the crushing pulse particularly for the iV  = 21.6 m/s 
experiment. Additionally the specimens at iV  = 21.6 m/s and iV  = 39 m/s did not exhibit 
shock behavior and their results are presented as   for reference only. The results are 
shown in table below and are plotted in Fig. 4.8.  
 
 
Table 4.1 Average Dynamic Stresses (  ) 
 
iV  (m/s)    (psi)   (psi) 
21.6 357.9 ---------- 
39 412.7 ---------- 
65 498.1 323.0 
90 594.2 322.1 
*91 597.4 369.2 
94 686.2 369.3 
127 862.5 308.6 
 
Note that these stresses have not been normalized by any function of their relative 
densities so some variation of average stresses is expected. Additionally   is averaged 
for comparison although the stress history does not clearly reach a steady state. The 
quasi-static reference is taken from Table 2 of Jang and Kyriakides 2009 selecting the 
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sample with the closest relative density to that in these experiments. The specimen 
indicated by the * at 91 m/s was a stationary impact specimen; all other results are for 
direct impact specimens. Interpretation of these results is quite straightforward, and quite 
different from all previous attempts at describing dynamic crushing of foams. The shock 
analysis establishes very clearly that the stress    measured on the crushed side has little 
to do with the collapse stress or plateau stress observed in quasi-static tests; this is the 
stress on the crushed part and is quite different from the stress at the onset of dynamic 
collapse. In contrast, the stress    that is estimated from the shock calculations gives a 
good estimate of the stress in the uncollapsed material that is just about to collapse at the 
shock front – this is the dynamic collapse stress. Figure 4.8 shows that over a wide range 
of impact speeds, the dynamic collapse stress,   , does not depend significantly on the 
impact speed, while the stress in the crushed region,   , increases rapidly with impact 
speed. If we now consider the strain in the crushed zone as well, (see Figure 3.30), it is 
clear that with an increase in the impact speed, the state behind the shock front 
corresponds to monotonically increasing values of D  and   . The locus of end states 
 ,D   represents the shock Hugoniot for the foam with initial density 0 , as described 
in the next section. 
4.3 HUGONIOT CURVE  
The data for direct impact specimens with a clear propagating shock front can be 
interpreted through a shock Hugoniot curve, plotted in Fig. 4.9 as discrete points ( D , 
  ). To interpret this diagram the orange dashed line labeled shock jump indicates how 
for the direct impact at iV  = 127 m/s the state in front of the shock has no densification 
with the stress state indicated by the green square. Immediately on the other side of the 
shock the densification and stress are given by the indicated red dot. This is a shock jump 
and not a continuous transition between these two states. The dashed blue line in this 
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figure is the plot of the quasi-static response of a similar foam up until C  and the dash-
dotted black line is the portion of the curve for the same specimen after C  (Jang and 
Kyriakides, 2009). The green square marks the average   from all specimens and the 
purple diamond is the 1P  and C  for the quasi-static sample. An important feature to 
note is that the shock end states do not lie anywhere on the quasi-static response. The 
implication of this is that the values of d  and D  in the dynamic experiment cannot be 
obtained from measurement of the quasi-static behavior and applying shock analysis as 
attempted in the rppl models. The average   also appears to be less than 1P , whereas 
the rppl model assumes the they are equal The Hugoniot can also be plotted in terms of 
the average shock speed and the impact speed, as shown in Fig. 4.10; interestingly, this 
relationship appears to be quite linear and can be expressed as: 
 
is C SV  . 
(4.20)  
where C  and S  are material constants, a form of the Hugoniot that is very common in 
bulk materials (see Davison, 2008). Once the Hugoniot curve is measured 
experimentally, analysis of the shock problem can be performed without the need for 
constitutive characterization of the material. For example, let us assume that the shock 
Hugoniot is given in terms of Eq. (4.20); therefore, for a given impact velocity, iV , first, 
we obtain the shock speed, and then from Eqns. (4.14) and (4.15), we can determine the 
densification strain and the stress in the compacted zone, D  and   ; the latter value is 
the stress responsible for the deceleration of the impacting mass. This deceleration can 
then be used to ensure that for application purposes the impacting mass comes to rest 
before all cell bands are collapsed and the stress rises. 
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Chapter 5 Summary and Conclusions 
 This study aimed to investigate the effect of impact velocity upon the behavior of 
open-cell Al foams. Al foams are potential candidates for impact mitigation and energy 
absorbing applications. Extensive work has been performed previously in this research 
group on the quasi-static behavior of Al foams. This study aimed to build upon these 
studies and expand the research group’s expertise to include the dynamic behavior.  
To achieve this, an experimental set-up was designed, built and validated for 
studying the crushing response of cellular materials at high velocities. It consists of a gas 
gun, a pressure bar, a high-speed data acquisition and high-speed imaging. The high-
speed imaging and pressure bar were used to time resolve the crushing event allowing for 
the measurement of the stress on one side of the specimen and the positions of the anvil, 
shock front and backing mass. From this data the crushed height, the uncrushed height, 
and the velocities of the backing mass and the shock front can be extracted. 
A series of direct impact experiments and one stationary impact experiment were 
performed on 10 ppi Doucel open-cell Al foams with relative density of about 0.085. The 
results show that the average stress in the crushed zone (  ) increases significantly with 
impact velocity. In addition, when a shock develops the densification of the crushed zone 
( D ) increases significantly with impact velocity. From the stationary impact experiment 
the stress in the uncrushed zone   appears to be increasing monotonically. It was 
clearly not equivalent to the quasi-static plateau stress as assumed in the rigid-perfectly 
plastic locking (rppl) model. 
The use of high speed photography coupled with the pressure bar measurements 
allows the determination of all parameters that are required for enforcing the conservation 
of energy and momentum across a shock front independently of a constitutive model. 
Results from one direct impact and one stationary impact test at similar velocities were 
used to demonstrate good agreement between the measured and calculated states. The 
results show that the average stress in the uncrushed zone (  ) is insensitive to velocity. 
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 These following conclusions can be drawn from the results of dynamic impact 
experiments performed. Several of these conclusions are in contrast with the assumptions 
made in the rigid-perfectly plastic locking model.  
1. The stress in the uncrushed zone (  ) does not correspond to the quasi-static 
plateau stress and appears to be insensitive to iV . This is the dynamic collapse 
stress. 
2. The dynamic crushing strain ( D ) is not related to the quasi-static 
densification strain ( C ). Furthermore D  is not constant but was observed to 
increase monotonically with iV . 
3. The average stress in the crushed region (  ) increases with iV . Care must 
be taken to distinguish this stress from the dynamic collapse stress.  
4. Under dynamic conditions {  , D } pairs were observed not to lie anywhere 
on the quasi-static stress strain-curve.  
5. The shock speed is not analogous to a constant “plastic wave speed” but is a 
function of iV  and follows a linearly increasing trend for these experiments. 
In the present work, interpretation based on shock physics permits generation of 
the shock Hugoniot from the measurements. This relationship can be used to predict the 
behavior of Al foams at velocities within the range tested in these experiments. 
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Figures 
 
 
Figure 1.1: Typical quasi-static nominal stress-shortening response of an open-cell Al 
foam in compression (from Jang and Kyriakides, 2009) 
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Figure 2.1 Experimental set-up showing pictorially the gas gun and pressure bar 
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Figure 2.2 Experimental set-up showing schematically the gas gun and the pressure bar instrumentation 
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Figure 2.3 Schematic of the pressure bar 
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(a) 
 
 
 
(b) 
 
Figure 2.4 Parameters measured before (a) and after (b) direct impact  
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Figure 2.5 Parameters measured before (a) and after (b) stationary impact 
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Figure 2.6 Schematic showing the times and distances used to correspond the time for 
high speed images to strain gage signals for a stationary impact experiment. 
 
 
Figure 2.7 Approximated ring up time for set-up 
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Figure 2.8 x-t diagram for the pressure bar 
 
 
Figure 3.1 Stress history due to direct impact at iV  = 127 m/s 
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Figure 3.2 Set of high speed images showing the evolution of deformation in the foam in 
a direct impact experiment at 

Vi= 127 m/s. Images correspond to solid bullets marked on 
the stress history in Fig. 3.1  
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Figure 3.3 Position vs. time diagram of a slice of foam from a direct impact experiment at 
iV  = 127 m/s. 
  
53 
 
 
Figure 3.4 Velocity profiles for a direct impact at iV  = 127 m/s  
 
 
0
40
80
120
160
0 0.2 0.4 0.6 0.8 1
V
(m/s)
T (ms)
Al 6101-T6    10-ppi 


= 8.31 %
V
i
 = 127 m/s
Backing Mass (V
b
)
Crush Front (V
c
)
Shock Front (s)
.
t
2
  
54 
 
 
Figure 3.5 Stress history due to direct impact at iV  = 21.6 m/s before reflection analysis 
 
Figure 3.6 Stress history due to direct impact at iV  = 21.6 m/s after reflection analysis 
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Figure 3.7 Set of high speed images showing the evolution of deformation in the foam in 
a direct impact experiment at 

Vi= 21.6 m/s. Images correspond to solid bullets marked on 
the stress history in Fig 3.6
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Figure 3.8 Position vs. time diagram of a slice of foam from a direct impact experiment at 
iV  = 21.6 m/s 
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Figure 3.9 Velocity profiles for a direct impact at iV  = 21.6 m/s 
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Figure 3.10 Stress history due to direct impact at iV  = 39 m/s before reflection analysis 
 
 
Figure 3.11 Stress history due to direct impact at iV  = 39 m/s after reflection analysis
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Figure 3.12 Set of high speed images showing the evolution of deformation in the foam 
in a direct impact experiment at 

Vi= 39 m/s. Images correspond to solid bullets marked 
on the stress history in Fig 3.11
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Figure 3.13 Position vs. time diagram of a slice of foam from a direct impact experiment 
at iV  = 39 m/s 
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Figure 3.14 Velocity profiles for a direct impact at iV  = 39 m/s 
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Figure 3.15 Stress history due to direct impact at iV  = 65 m/s before reflection analysis 
 
 
Figure 3.16 Stress history due to direct impact at iV  = 65 m/s after reflection analysis
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Figure 3.17 Set of high speed images showing the evolution of deformation in the foam 
in a direct impact experiment at 

Vi= 65 m/s. Images correspond to solid bullets marked 
on the stress history in Fig 3.16
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Figure 3.18 Position vs. time diagram of a slice of foam from a direct impact experiment 
at iV  = 65 m/s 
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Figure 3.19 Velocity profiles for a direct impact at iV  = 65 m/s 
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Figure 3.20 Stress history due to direct impact at iV  = 90 m/s before reflection analysis 
 
 
Figure 3.21 Stress history due to direct impact at iV  = 90 m/s after reflection analysis 
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Figure 3.22 Set of high speed images showing the evolution of deformation in the foam 
in a direct impact experiment at 

Vi= 90 m/s. Images correspond to solid bullets marked 
on the stress history in Fig 3.21
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Figure 3.23 Position vs. time diagram of a slice of foam from a direct impact experiment 
at iV  = 90 m/s 
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Figure 3.24 Velocity profiles for a direct impact at iV  = 90 m/s  
 
Figure 3.25 Stress history for all direct impacts experiments 
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Figure 3.26 Stress history due to stationary impact at iV  = 91 m/s 
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Figure 3.27 Set of high speed images showing the evolution of deformation in the foam 
in a stationary impact experiment at 

Vi= 91 m/s. Images correspond to solid bullets 
marked on the stress history in Fig. 3.26 
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Figure 3.28 Position vs. time diagram of a slice of foam from a stationary impact 
experiment at iV  = 91 m/s 
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Figure 3.29 Velocity profiles for a stationary impact at iV  = 91 m/s 
 
Figure 3.30 Variation of D  with iV  
 
0
20
40
60
80
100
120
140
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
V
(m/s)
T (ms)
Al 6101-T6    10-ppi 



= 8.38 %
V
i
 = 91 m/s
Backing Mass
Crush Front
t
2
0.5
0.6
0.7
0.8
0 20 40 60 80 100 120 140

D
V
i
 (m/s)
Al 6101-T6    10-ppi 
Quasi-Static 
  
74 
 
 
 
Figure 4.1 Parameters for shock equations 
 
Figure 4.2 Calculated stress in the uncrushed region vs. measured stress in the crushed 
region for a direct impact at iV  = 65 m/s 
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Figure 4.3 Calculated stress in the uncrushed region vs. measured stress in the crushed 
region for a direct impact at iV  = 90 m/s 
 
Figure 4.4 Calculated stress in the uncrushed region vs. measured stress in the crushed 
region for a direct impact at iV  = 127 m/s 
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Figure 4.5 Comparison of the calculated stress in the uncrushed region for all direct 
impact specimens exhibiting a crush front 
 
Figure 4.6 Calculated stress in the crushed region vs. measured stress in the uncrushed 
region for a stationary impact at iV  = 91 m/s 
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Figure 4.7 Comparison of   and   for direct and stationary impacts with similar 
experimental parameters 
 
Figure 4.8 Variation of   with velocity 
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Figure 4.9   - D  Hugoniot relation  
 
Figure 4 10 Shock speed - impact velocity Hugoniot relation 
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Appendix: Gas Gun Component Schematics 
The following figures show the specifications used in the design and manufacture 
of the single stage light gas gun used in these experiments 
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Figure A.1 Overview of gas gun 
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Figure A.2 Pressure vessel design 
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Figure A.3 Rear end cap design 
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Figure A.4 Front end cap design 
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Figure A.5 Gun barrel design 
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Figure A.6 Gun barrel adapter design 
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Figure A.7 Piston design 
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Figure A.8 Seal design 
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Figure A.9 Spring adapter design
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Hole 
Diameter 
Rod 
Diameter 
Free 
Length 
Precompressed 
Length 
Spring 
Constant 
1.25 0.625 1.75 1.50 424 lb/in 
Table A.1 Item 9 Spring Parameters 
 
 
 
 
Figure A.10 Anvil design  
 
 
 
  
 
 
Bar penetrates 0.50 
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